INTRODUCTION

MATERIALS AND METHODS
Arabidopsis thaliana (L.) Heynh. has long been regarded as a plant species supremely suited for genetic studies (Redei, 1975) . This view has been confirmed in recent years. since the species small genome size has made it particularly suitable as a tool in plant molecular genetics (Meyerowitz, 1987) . It is rather surprising, therefore, that little is known about the population genetics of A.
thaliana other than for quantitative traits (Jones, 1971a, b; Ceti, 1987) . Despite the fact that altozymes are resolved fairly easily in the species and the genetics of several isozyme systems have been analysed (Cammaerts and Jacobs, 1973; Jacobs and Schwind, 1976; Cammaerts and Jacobs, 1983) there are no published accounts of the genetic structure of natural populations of A. thaliana based on allozyme diversity. Here we report the findings of a study of genetic variation within and between 16 British populations of A. thaliana based on an electrophoretic survey of nine enzyme systems. In addition, we provide estimates of outcrossing as measured at a single locus coding for peroxidase.
Seed was collected separately from 30 individual plants from each of 11 populations of A. thaliana located in Derbyshire, England and five populations from Scotland (table 1) . Plants were grown from seed in a greenhouse and three offspring per individual were assayed by electrophoresis to determine maternal genotype (Brown, 1975) . In the very rare instances when a heterozygote was observed among the three offspring of an individual a further seven offspring of that individual were assayed to confirm maternal genotype. Horizontal electrophoresis wa% conducted in 125 per cent starch gels on enzyme extracts from rosette leaves of four-week-old plants.
Extracts were made using an extraction buffer consisting of 0 1 M Tris-HCI pH 72 and 0 I per cent (v/v) 2-mercaptoethanol, Electrophoresis was performed using standard procedures (Ferguson, 1981) . Three different buffer systems were used:
(A) Discontinuous lithium borate/Tris-citrate pH 83 (after Scandalios, 1969) ; (B) Discontinuous sodium borate/Tris-citrate pH 88 (Adams and Joly, 1980) ; (C) Continuous Tris-citrate pH 62 (Adams and Joly, 1980) . For buffer systems A and C voltage was held constant at 250 V and 115 V respectively. For system B the current was maintained at 35 mA. Electrophoresis was terminated after the front had moved 8 cm from the origin towards the anode. Gels were sliced twice, and each of the three slices were stained for a different enzyme system. Details of the enzyme systems stained together with the number of loci scored, and buffer systems used are given in table 2. After incubation, gels were rinsed several times with tap water before scoring, If required, gels were fixed in 50 per cent glycerol except for those stained for GOT which demanded immediate scoring. For a given enzyme system the locus coding for the most anodally migrating protein was designated 1, the next 2 etc. Likewise at each locus the allele coding for the most anodally migrating allozyme (cathodally in the case of peroxidase)
was designated a, the next b and so on. Resolution of ACP activity was equivalent to that reported by Jacobs and Schwind (1976) . Variation occurred at three clearly distinguished zones due to allelic segregation at three distinct ACP loci. Gels stained for EST were multi-banded; however, variation was confined to only two zones of activity. Grover (1975) has reported that variation within each of these zones is due to allelic variation at the EST-i and EST-2 loci respectively. A genetic analysis of the fast and slow isozymes of IDH-1 and PER-i revealed single locus control with codominant alleles at each locus. IDH-i produced a three banded phenotype in the heterozygote and is therefore dimeric. Null alleles were present at the ACP-2, EST-1 and EST-2 loci. The frequencies of these alleles in populations were calculated directly from the frequencies of the respective null homozygotes.
This method was considered accurate since heterozygotes for other "normal" alleles were absent in all bar one population (see below). 1213 (0535) 1650 000024 N.B. A locus is treated as polymorphic when the frequency of the most common allele is u99 per cent.
The electrophoretic survey showed that the PER-I locus coding for two allozymes of peroxidase was polymorphic in most populations surveyed (see below). This locus was subsequently used as a marker locus for the estimation of outcrossing rate in seven populations (see table 1) in which the alleles of PER-i were at relative intermediate frequencies. To this end seven more progeny from each of the 30 plants per populations were classified according to genotype at the PER-i locus.
RESULTS
Of the 17 loci surveyed seven were polymorphic in at least one population. Allele frequencies at polymorphic loci are given in the Appendix. The other ten loci(GDH-l, GDH-2, MDH-i, MDH-2, GOT-i, GOT-2, PGM-i, PGM-2, PGI-I, PGI-2) were monomorphic in all populations surveyed.
The mean number of alleles per locus (K)
averaged over populations and all loci, including monomorphic loci ( where is the mean frequency of the ith of k alleles for the populations surveyed. Finally the gene diversity between populations, DST was calculated by subtracting II from HT. From these statistics it was possible to compute two measures of relative gene diversity; these were Gay-the gene diversity between populations relative to that of the total population--given by GST = DST/ !-Isy;
and RST-the between population gene diversity relative to the within sub-population gene diversity-calculated as RST =Dm/H. Dm is computed to exclude comparisons of populations with themselves and is given by Dm = sDsy/(s -1) where s is the number of populations.
Gene diversity statistics for 17 loci in A. thaliana are presented in table 4. Averaging over all loci the total gene diversity, HT, in A. thaliana is 0148. Examination of the mean value shows that the greatest proportion of this diversity is attributable to between population diversity, DST. However, within population diversity, H, is never insignificant and for three loci-IDH-1, PER-I The high values for F and f (close to 1) are expected in a species such as A. thaliana which shows very high levels of seif-fertilisation (see below) and exhibits, therefore, very little heterozygosity. The value for 6, which is also high, indicates significant genic differentiation among populations.
Multilocus genotypic diversity To obtain a measure of multilocus genotypic diversity in each population, Pielou's corrected version of the Gini Index, D, was calculated (Pielou, 1969) . This index of heterogeneity takes into account both the number of genotypes present and the evenness with which they are distributed in a sample (Peet, 1974) . D may range from zero (a uniform sample) to 1 (a completely heterogeneous sample). The values for the 16 populations surveyed are illustrated in fig. 3(c) . They ranged from 000 to 083 with a mean of 055.
Outcrossing rates
Out of a total of 2100 progeny (seven populations x 30 maternal plants x 10 progeny) tested for genotype at the PER-i locus, not one was found to be heterozygous. This means that the estimated POPULATION GENETIC STRUCTURE AND OUTCROSSING RATE 123456 rate of outcrossing (1) in each population equals zero. Although it is not possible to calculate interval estimates of t as the variance of t is also zero, a 95 per cent upper limit of t, t, can be calculated for each population following a procedure described by Adams and Allard (1982) . Using this procedure the upper limit of outcrossing rate, f,, over the seven populations was found to range from 200-432 per cent. However, because not a single outcross was detected in any of the seven populations examined, actual outcrossing (t) in natural populations may be considerably lower than is indicated by i,. Following Adams and Allard (1982) , a joint I, was calculated from the combined data based on the assumption that t is at a uniformly low value in each of the seven populations surveyed. The joint value of t equals 0285 per cent.
DISCUSSION
It is clear from this study that outcrossing in natural populations of A. thaliana is a very rare phenomenon. Previous estimates of outcrossing rate in the species have been based on studies of artificial populations constructed from mutant lines. Studies by Snape and Lawrence (1971), and Röbbelen (1971) showed outcrossing to range from 1-2 per cent. However, under conditions of high pollinator activity and/or in mutant lines showing varying degrees of male sterility, rates of outcrossing have been known to rise to 6-26 per cent (Ceti and Plchova, 1975; Trnëná et a!., 1987; Drescher and Kranz, 1987 Estimates for the F statistics, F, 0 and f, are again as expected for a species that exhibits virtually no outcrossing. In a recent study of the genetic structure of Impatiens capensis (Knight and Wailer, 1987) values of F, 0 and I based Gottlieb (1981) .
Values from Loveless and l-lamrick (1984) based on different average number of populations, enzymes and loci from those given by Gottlieb.
-NB. For the purpose of comparison, estimates of K, H1, H5 and GST are averages over polymorphic loci only.
on an electrophoretic survey of the progenies of cleistogamous flowers (enforced selfing), were 0.927, 0482 and 0858 respectively which are slightly lower than the values recorded for A. thaliana here. From the estimates recorded in the present study it is clear that in A. thaliana there is considerable local inbreeding (f) due to selfing, considerable genetic differentiation between populations (0) and, as a result of these two factors, fixation in the total population (F) is almost complete.
Finally, in regard to measures of multilocus genotypic diversity in A. thaliana, the species is found to contain a very similar level of variation to that found by Lyman and Ellstrand (1984) in North American populations of the apomict Dandelion, Taraxacum officinale. In T. officinale, the mean number of multilocus genotypes per population and the average corrected Gini Index, D, (calculated for multiclonal populations only) were respectively 5 and 057 (see Ellstrand and Roose, 1987) , whereas in A. thaliana these values were 46 and 062 respectively. A comparison is APPENDIX drawn between these wo species as in both the present study and that of Lyman and Elistrand a similar number of characters, individuals and populations were examined.
To sum up, therefore, the amount and distribution of genetic variation in A. thaliana estimated in terms of gene diversity, levels of fixation (as measured by F statistics) and multilocus genotypic diversity is concordant with that which is expected for a species which shows almost complete uniparental reproduction. Whether this variation for allozyme characters in A. thaliana reflects equivalent diversity for quantitative traits remains to be established. 
